INTRODUCTION
Despite the importance of water to martian geology and its potential in effecting the course of igneous petrogenesis, martian meteorites are nearly anhydrous: 5-15 ppm bound H 2 (released at temperature > 350 °C) (Leshin et al., 1996) , equivalent to ~50-150 ppm H 2 O. Comparable terrestrial basaltic rocks typically contain ~2000-20,000 ppm structural H 2 O (Johnson et al., 1994) . The low water contents of martian basalts imply a water-poor mantle with ~3-15 ppm H 2 O (assuming that the basalt magmas are partial melts 10%-20%). However, some researchers argue that martian basaltic magmas contained as much H 2 O as terrestrial magmas, and the basalts (now the martian meteorites) were nearly completely degassed on eruption and/or emplacement (Dann et al., 2001; Johnson et al., 1991; McSween et al., 2001; Nekvasil et al., 2007) . By integrating mineralchemical, experimental, and cosmochemical constraints, we show that magmas parental to the martian meteorites had chlorine instead of water as the dominant volatile species.
Known martian igneous rocks consist of the suite of martian meteorites (SNCs [shergottite, nakhlite, and chassigny classes] and ALH84001) (e.g., McSween, 1985; Treiman, 2005; Treiman et al., 2000) and compositions analyzed on the surface of Mars from the rover missions (e.g., Gellert et al., 2006; Squyres et al., 2007) . Martian meteorites represent our only samples of the surface of Mars, and therefore are the focus of this study; compositional data from outcrops on the martian surface from orbiter and rover missions are used for comparison. The martian meteorites range from basaltic (shergottites) through cumulate (nakhlites, chassignites, and ALH84001) rocks. The martian meteorites are relatively young (1.3-0.17 Ga; e.g., Jones, 1986; Nyquist et al., 2001; Treiman, 2005) , with the exception of ALH84001 (4.5 Ga; Nyquist et al., 2001) , and there is some debate whether the shergottites represent typical martian basalts (e.g., Filiberto et al., 2006; McSween et al., 2009; Taylor et al., 2006) . Therefore, we include data from the young martian meteorites, ALH84001, and compositions of surface basalts (thought to be ca. 3.65 Ga; Greeley et al., 2005) to show that all data sets are consistent (within the range of available data) with martian magmas having chlorine instead of water as the dominant volatile species.
MINERAL-CHEMICAL CONSTRAINTS
Apatite and amphibole monitor the volatile contents (OH, F, Cl) of their parental magmas. Therefore, their chemistry can be used to constrain the preeruptive volatile contents of their parental magmas (Mathez and Webster, 2005; Patiño Douce and Roden, 2006; Stormer and Carmichael, 1971; Westrich, 1982) .
Apatite [Ca 5 (PO 4 ) 3 (OH,F,Cl)] readily accepts F, Cl, and OH from its parent magma (Mathez and Webster, 2005; Stormer and Carmichael, 1971; Zhu and Sverjensky, 1991) , and can be used to compare the halogen contents of magmas from different planets. Apatites in martian meteorites contain little OH (McCubbin and Nekvasil, 2008; Patiño Douce and Roden, 2006) and have average Cl:F:OH (molar) ratios of ~5:3:2 (Fig. 1) . In contrast, apatites from terrestrial basaltic rocks contain almost no Cl (<0.4 wt% Cl; e.g., Casey et al., 2007) and variable OH:F ratios (Fig. 1 ). There are, however, a few martian apatite compositions that have significantly more F than the average (e.g., McCubbin and Nekvasil, 2008) ; these outliers actually contain no water and are signifi cantly enriched in Cl compared with apatite from terrestrial basalts. Therefore, all martian apatite compositions are consistent with their parental magmas being chlorine rich and water poor compared with terrestrial magmas.
Similarly, the volatile element compositions of amphiboles can be used to constrain the volatile contents of their parent magmas. Amphiboles accept volatiles from basaltic melt in the preference order OH > F > Cl (Enami et al., 1992; Sato et al., 2005; Zhu and Sverjensky, 1991) . The amphiboles in martian meteorites are chlor-amphiboles, chlor-fl uor-amphiboles, or oxy-amphiboles (Table 1) (Sautter et al., 2006; Watson et al., 1994) , and not hydroxyamphiboles, as would be expected in waterrich systems. The only direct water analyses of martian amphiboles are the Ti-rich kaersutites in the Chassigny (France) and Zagami 
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EXPERIMENTAL CONSTRAINTS
Results of some melting and crystallization experiments on martian meteorites suggest, based on mineral compositions and crystallization temperatures, that their parent magmas contained as much as 2 wt% H 2 O (Dann et al., 2001; Johnson et al., 1991; McSween et al., 2001; Nekvasil et al., 2007) . However, large quantities of magmatic water would not be required if some other component, such as chlorine, could induce the same combination of mineral compositions and temperatures.
Our recent experiments have shown that chlorine and water have similar effects on crystallization temperatures and mineral compositions (Filiberto and Treiman, 2009) . Figure 2 shows the experimental near-liquidus mineral-melt phase relations for a martian basalt (Humphrey, Adirondack-class Gusev basalt) with no added volatiles (Filiberto et al., 2008) , with added Cl (Filiberto and Treiman, 2009) , and with added H 2 O (Monders et al., 2007) . In all sets of experiments, olivine is the liquidus phase at low pressure, and low-Ca pyroxene is on the liquidus at high pressure. Compared to the anhydrous phase relations, addition of 0.7 wt% Cl moves the olivine-low-Ca-pyroxene (pigeonite) liquidus point from 1385 °C and 12.5 kbar to 1305 °C and 8.5 kbar, greatly enlarging the stability fi eld of low-Ca pyroxene. Addition of 0.8 wt% H 2 O causes similar effects: the olivine-low-Capyroxene (orthopyroxene) liquidus point moves from 1385 °C and 12.5 kbar to 1325 °C and 10.6 kbar. Thus, addition of comparable weight proportions of Cl and H 2 O to the melt causes comparable depression of its liquidus. Chlorine and water, however, have different solubility mechanisms and effects on melt structure. Water attacks bridging oxygens in the melt structure, depolymerizing the melt, causing liquidus depression (e.g., Mysen and Cody, 2004; Zeng et al., 1999) , but this has little (if any) effect on phase boundaries (e.g., . However, chlorine complexes in the melt with network-modifying cations (Mg, Fe, Ca, Na), affecting cation and silica activity, viscosity, and melt polymerization (e.g., Stebbins and Du, 2002; Zimova and Webb, 2006) , and thereby causes liquidus depression, increased pyroxene stability with respect to olivine, and multiple saturation point depression.
Addition of similar weight proportions of Cl and H 2 O also has similar effects on the composition of crystallizing minerals. The fi rst h Mysen et al. (1998) Filiberto et al., 2008) . Thus, chlorine-bearing martian basalts show the same mineral compositions and crystallization temperatures as water-bearing martian basalts. Therefore, mineral compositions previously interpreted as indicating water enrichment could equally well be explained by chlorine enrichment.
COSMOCHEMICAL CONSTRAINTS
The concept of chlorine-rich martian basalts is consistent with the composition of the martian mantle inferred from compositions of martian meteorites (e.g., Dreibus and Wänke, 1985) . Nearly all martian meteorites have Cl/La ≈ 45 (Fig. 3) . This Cl/La value is taken as that of the martian mantle (and the planet), because Cl and La are both comparably incompatible in the generation of basaltic magma. The martian Cl/La is ~2.5 times the average for terrestrial basalts and mantle rocks (Fig. 3) , which is consistent with Mars' overall enrichment in cosmochemically volatile elements (like alkalies and other halogens) compared to the Earth (Dreibus and Wänke, 1987) . Thus, one should expect martian basalts to be richer in chlorine than comparable terrestrial basalts.
Chlorine-rich martian magmas are also consistent with evidence from spacecraft data. Results from the gamma ray spectrometer (GRS) on the Mars Odyssey orbiter show that the martian surface is Cl-rich, with abundances from 0.2 to 1 wt% (Keller et al., 2006) . The highest Cl abundances are in the Tharsis volcanic province (to ~0.8 wt %) and are attributed to volcanic exhalations (Keller et al., 2006) . On the surface, Mars Exploration Rover (MER) Spirit analyses show that Gusev crater basalts (Adirondack class) average ~0.2 wt% Cl (Gellert et al., 2006) (interior, after removal of surface dust and weathering rind), far above that in typical Earth basalts (Fig. 3) . However, the Gusev basalts contain vesicles, which imply that they degassed during eruption and that their preeruptive Cl contents were higher. However, the martian meteorites do not show physical evidence for degassing (e.g., vesicles) or chemical evidence for degassing. If the meteorites had extensively degassed a water-rich vapor, as has been proposed to explain the formation of a dry basalt from a water-rich parental magma (Dann et al., 2001; Johnson et al., 1991; McSween et al., 2001; Nekvasil et al., 2007) , the Cl/La ratios of the basalts should vary depending on the extent of degassing (Dreibus and Wänke, 1987; Treiman, 2003) . However, no martian meteorites have Cl/La ratios <45 (Fig. 3) , suggesting that this is the magmatic Cl/La ratio for martian basalts and that none have degassed. Therefore, the martian meteorites could not have degassed a water-chlorine-rich vapor phase, and so could not have crystallized from water-rich parental magmas.
CONCLUSIONS
The compositions of martian apatites and amphiboles, and bulk compositions of martian meteorites, show that their parental magmas contained abundant chlorine but little water. Experimental results on melting and crystallization of martian basalts, interpreted in terms of water-rich magmas (Dann et al., 2001; Johnson et al., 1991; McSween et al., 2001; Nekvasil et al., 2007) , are equally well explained by chlorine-rich magmas. Martian basalts contain signifi cantly more chlorine than comparable terrestrial basalts, an observation consistent with Mars' overall enrichment in volatile elements. Together, these results suggest that parental magmas of martian meteorites contained chlorine, and not water, as their dominant volatile species. If so, eruption of these chlorine-rich, water-poor basalts contributed to the acidity of the martian surface environment, but added little of the water so necessary for life as we know it.
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